Introduction
[2] For over 300 Ma, from the Middle Ordovician to the Middle Jurassic, the cratonic platform underlying the presentday Western Canada Sedimentary Basin was a network of uplifted arches and intervening basins ( Figure 1a ) [Porter et al., 1982] . These features had a strong influence on sedimentation patterns and geometries of the arches and durations of their uplift have been estimated from the stratigraphic record. The cause of the uplift of the arches, or epeirogenesis, over such long periods of time remains a topic of active research. Proposed driving forces for epeirogenesis include mantle hot spots [Crough, 1979] , lithospheric contraction due to cooling [Sleep and Snell, 1976] , mantle flow [Pysklywec and Mitrovica, 2000] , lithospheric flexure due to surface loading [Price, 1973; Beaumont, 1981] and horizontal intraplate stresses [Cloetingh, 1986; Heller et al., 1993] .
[3] On the basis of the regionally coincidental occurrence of the Peace River Arch in northern Alberta, Canada and a sequence of bright laterally continuous midcrustal reflectors on LITHOPROBE multichannel seismic reflection data, which have been interpreted as Proterozoic doleritic igneous sheets [Ross and Eaton, 1997] , Eaton et al. [1999] proposed a link between the existence of dolerite sills within the crystalline crust and the development of cratonic arches. Citing the higher yield strength of mafic rocks relative to quartzofeldspathic rocks [Ord and Hobbs, 1989] , it was argued that the sills served to stiffen the crust relative to the adjacent sill-free crust. According to finite element modeling results from Heller et al. [1993] , the juxtaposition of such zones of high and low strength can lead to uplift in the presence of weak intraplate stresses. We expand on these results to test whether discrete igneous sheets like those imaged by LITHOPROBE can provide the rheological contrasts needed to instigate cratonic arch formation.
Paleozoic Cratonic Arches in Western Canada
[4] The uplift of Paleozoic cratonic arches on the passive margin underlying the present-day Western Canada Sedimentary Basin fundamentally impacted sedimentation patterns for over 300 Ma. Consequently, these features played a key role in the early evolution of the sedimentary basin and in the distribution of oil and gas reserves in Alberta. Despite their importance, fundamental questions remain about the structure and formation of cratonic arches. How high did these ancient features stand above sea level? How long were they subareal? How long did their formation take? What were the mechanisms involved in their uplift?
[5] The net amount of uplift experienced by individual Paleozoic cratonic arches cannot be measured directly, due to uncertainties in the amount of subsequent erosion, and is generally inferred from offsets and unconformities in the stratigraphic record. Within Alberta, arch height estimates span several orders of magnitude. For instance, in northwestern Alberta, the Peace River Arch was a topographic high from the Late Proterozoic to the Early Paleozoic [O'Connell, 1994; Eaton et al., 1999] . It rose to a maximum of 1000 m above basement at its westernmost extent and to several tens of meters at its easternmost extent (Figure 1b) [O 'Connell, 1994] . Farther to the south, Montania, a paleotopographic high from the Upper Cambrian until the Upper Devonian [Deiss, 1941] , is believed to have stood an incredible 8 km above sea level [Porter et al., 1982] , while more typical uplifts of 600 m were experienced by the Sweetgrass Arch in southeastern Alberta and northern Montana [Kent and Christopher, 1994] .
[6] Duration of deformation is a difficult parameter to isolate since there is no stratigraphic method of determining how long the deformation lasted to produce the uplift, apart from bounding the deformation to broad geological epochs. For instance, the uplift of the Peace River Arch is thought to have occurred during the latest Proterozoic [O'Connell, 1994] , a time span of over 300 Ma. Beyond this broad constraint, it is not known how long deformation endured and how quickly the arch was formed. Farther south, the Sweetgrass Arch is known to have been a positive feature for 80 Ma prior to the Devonian [Kent and Christopher, 1994] , which limits its duration of uplift to no more than , present-day Western Canada Sedimentary Basin (light gray shaded area), and occurrences of inferred Proterozoic midcrustal igneous sheet intrusions imaged on LITHOPROBE multichannel seismic profiles (numbered dark gray areas; 1, Head-Smashed-In Reflector, 2, Winagami Reflection Sequence; 3, Wollaston Lake Reflector), adapted from Porter et al. [1982] . (b) Location and topographic map of the Peace River Arch (PRA), northern Alberta, Canada. (c) Multichannel seismic reflection evidence for inferred midcrustal igneous sheet intrusions from seismic profiles 12 and 13 (highlighted in Figure 1b ) over the Peace River Arch (PRA) (data plots were obtained from http://www.litho.ucalgary.ca/atlas/ atlas.html); approximate depths computed from two-way traveltimes using a velocity of 6000 m s À1 . In Figure 1a , only the arches discussed in this manuscript are labeled: M, Montania; PRA, Peace River Arch; SA, Severn Arch; SW, Sweetgrass Arch; WAA, Western Alberta Arch. In Figure 1b , the elevation contour lines (meters) for the PRA were estimated based on geometrical constraints provided by O'Connell [1994] . The areal extent of the Winagami Reflection Sequence (WRS) and anomalously thick Precambrian to Devonian sediments are also plotted for reference [O'Connell, 1994] . In Figure 1c , the highlighted sediments are those of the Western Canada Sedimentary Basin. 80 Ma. In the absence of tighter constraints on duration of deformation, we assume that arch formation takes a maximum of tens of million of years to occur and likely occurs much more quickly.
[7] The Peace River Arch in northern Alberta is arguably the best studied in Canada because of its direct influence on sedimentary stratigraphy in a region of significant oil and gas exploration. The arch is well recognized as a longstanding paleotopographic high with a northeast trending axis [Cecile et al., 1997] . The dimensions of the arch as summarized by O'Connell [1994] outline an asymmetrical feature 750 km long and 140 km wide with a steep ($0.65°f rom horizontal) northern flank and a more gently dipping ($0.35°from horizontal) southern flank (Figure 1b) . Sedimentary layers from the Precambrian to the Devonian are several hundred meters thicker to the north of the arch than to the south [O'Connell, 1994] . Given the configuration of the Peace River Arch that is well known from seismic and stratigraphic thermal and tectonic regime in the region at the time of arch formation, not one of the existing mechanisms for arch formation has yet been able to account for all of the specific geometric details of the Peace River Arch [O'Connell, 1994] .
Occurrence of Midcrustal Igneous Sheet Intrusions
[8] From crustal-scale multichannel seismic reflection investigations, instances of anomalously bright midcrustal reflections in otherwise nonreflective crust have been imaged at a number of locations around the world. Because of the strength and character of the reflections and their overall geometries, several of these packages have been interpreted as resulting from dolerite sheets intruded into crystalline basement [e.g., Litak and Hauser, 1992; Mandler and Clowes, 1997; Papasikas and Juhlin, 1997; Ross and Eaton, 1997; Mandler and Clowes, 1998; Hajnal et al., 2005] . Seismically, these sequences are generally characterized by horizontal to subhorizontal discrete bands of bright coherent reflections that extend for tens to hundreds of kilometers and are confined within the mid to upper crust. The inferred lateral extents of some of these interpreted deep igneous complexes are comparable to the world's large Phanerozoic igneous provinces and represent an important and underappreciated contribution of material to the crust.
[9] In Canada, two packages of bright midcrustal reflectors, interpreted as igneous sheets, coincide geographically with Paleozoic cratonic arches. In southern Alberta, the 6000 km 2 Head-Smashed-In reflector (1 in Figure 1a ) [Mandler and Clowes, 1998 ] is completely contained within a block that corresponds geographically with Montania. In central Alberta, the 120,000 km 2 Winagami reflection sequence (2 in Figure 1a ) [Ross and Eaton, 1997] is bounded to the west by the Western Alberta Arch and to the north by the Peace River Arch. Figure 1c shows portions of the seismic lines containing the Winagami sequence, which is characterized by one to five bands of bright coherent reflections confined within a depth range of 9 to 24 km. These reflective bands extend across several Precambrian basement domains and show no spatial correlation with the distribution of those domains [Welford and Clowes, 2006] . Emplacement of the Winagami sills is inferred to have occurred between 1890 and 1750 Ma based on crosscutting relationships with dated faults and domain boundaries [Ross and Eaton, 1997] . The thermal impact of sill emplacement is not thought to have had an impact on arch formation since the arches were formed 1 billion years after emplacement. A third sequence of midcrustal reflectors, the Wollaston Lake Reflector sequence, imaged in northern Saskatchewan (3 in Figure 1a ) [Mandler and Clowes, 1997] , is of unknown lateral extent due to the limited deep seismic coverage but could extend to the east toward the Severn Arch in northern Manitoba. Whereas the spatial correspondence of these features may be purely coincidental, they may also indicate a direct link between the presence of midcrustal igneous complexes and the formation of cratonic arches.
Finite Element Modeling of Intraplate Deformation
[10] Finite element modeling of horizontal compression of elastic plates was carried out by Heller et al. [1993] to determine whether inhomogeneities in the crust could cause surface uplift and impact the stratigraphic record. Inhomogeneities were modeled as blocks within the crust which had differing Young's moduli from the surrounding material. By applying a compressional horizontal load to a twodimensional 500 km wide by 20 km deep plane strain elastic plate model containing a 25 km wide by 10 km deep block of strong material in the lower central part of the plate that is surrounded by weaker material, surface deflections of a few meters over several hundreds of kilometers were generated within 0.25 Ma. These results were cited by Eaton et al. [1999] as evidence that the discrete midcrustal sheet intrusions imaged by LITHOPROBE may have caused the uplift of nearby cratonic arches. To test whether the Eaton et al. [1999] hypothesis is plausible, we first endeavored to reproduce the general results from Heller et al. [1993] , and then refined this model to account for inelastic deformation and geometrical constraints on the sills. As with Heller et al. [1993] , our computations were performed using the finite element modeling code, TECTON [Melosh and Williams, 1989] .
[11] To reproduce the results from Heller et al. [1993] , we used the same two-dimensional plane strain cross section of an elastic plate with constant thickness as used by Heller et al. [1993] , although we only considered half of the model due to the symmetry of the problem (Figure 2 ). The strong midcrust was modeled as a 12.5 km wide by 10 km deep block in the bottom right corner of the model with a higher Young's modulus (E) than the surrounding material. Winkler restoring forces [Williams and Richardson, 1991] were applied to both the top and bottom of the elastic plate to account for isostasy. These restoring forces were computed for a density contrast of 2650 kg m À3 at the top of the plate and 350 kg m À3 at the base, assuming that the plate was resting on the lower crust. The lower crust was assumed to exert no resisting shear stresses on the base of the model. To better relate these results to more realistic Earth lithologies, we also computed surface deflections for a strong block of material (dolerite) at the base of the plate that differed in E as well as density and Poisson's ratio from the surrounding material (granite); see Figure 3 caption for parameter values. To account for density contrasts within the plate, Winkler springs were placed within the plate along the top of the strong block.
[12] The right edge of the elastic plate was fixed with respect to horizontal motion while a horizontal displacement of 197 m was applied to the left model boundary. The resulting strain across the modeled region (7.88 Â 10
À4
) is equivalent to a strain rate of 10 À16 s À1 acting for 0.25 Ma. [1993] , whereas the shape of the deflection is broadened. Models without density and Poisson's ratio variations within the plate (not shown) yield essentially identical results, indicating variations in E are the dominant source of surface deflections in these examples.
Elastic Models of Arch Formation
[14] To better relate the elastic finite element modeling results of Heller et al. [1993] to arch formation, we opted to model the relationship between the Peace River Arch and the interpreted Winagami midcrustal sill complex in the adjacent crust ( Figure 1b) . In order to gauge any success in modeling the Peace River Arch, a number of criteria must be met. First, the model must produce arch heights similar to those inferred from the stratigraphic record, tens of meters to 1000 m [O'Connell, 1994] . Second, the width of the computed subareal arch must be consistent with the 140 km width of the Peace River Arch. Last, the modeling must reproduce the asymmetry of the arch.
[15] The simple upper plate model used by Heller et al. [1993] , while informative, is not geometrically appropriate for capturing the features of interest in the formation of the Peace River Arch. First, the limited horizontal dimension of their strong block is significantly shorter than the hundreds of kilometers over which the seismically imaged sills extend. Second, the shapes of their computed surface deflections appear to favor the development of deep narrow basins rather than broad arches (Figure 3 ). In order to construct a more appropriate model for the development of the Peace River Arch, the model used by Heller et al. [1993] was extended to 600 km with the strong block taking up 50% of the model's lower crust ( Figure 4a ).
[16] The boundary conditions from the simpler Heller et al. [1993] model were scaled such that a horizontal displacement of 473 m was applied to the left model boundary to generate a strain across the modeled region (7.88 Â 10 À4 ) equivalent to a strain rate of 10 À16 s À1 acting for 0.25 Ma.
[17] The surface deflection results for the new model, using the same rheological variations as the simpler model (Figure 3 ), demonstrate several improvements (Figure 4a ). First, in addition to a basin, the models generate a topographic high of several meters. Second, the models are able to generate arches of comparable width to that measured for the Peace River Arch. Third, the resultant arches are asymmetric with a steeper flank adjacent to a deep basin. [18] The discrepancy between the computed arch heights (approximately meters) and those inferred for the Peace River Arch itself ($1 km) likely results from the use of an elastic model, which is not appropriate for the timescales relevant to arch formation. We address this issue below. We first address the question of whether a strong block of material occupying the lower crust produces results that bear any resemblance to those produced by discrete thick sills.
Strengthening Due to Thick Sills?
[19] From seismic modeling of the reflections from the Winagami sequence [Ross and Eaton, 1997; Welford and Clowes, 2006] , the thickness of the top reflective sheet is estimated to be $100 m. These seismic modeling results are incorporated into the finite element model shown in Figure 4b . Four 100 m thick sills, extending 300 km from the right model boundary and with a vertical spacing of 3.2 km, are added to the lower part of the plate (Figure 4b ). This simple model is a variation on the model used in Figure 4a to allow for comparison with those results while also capturing features observed in the seismic section ( Figure 1c ). To account for the density contrasts associated with the individual sills, Winkler springs were placed within the model along the top and bottom of each sill. In order to ensure that individual sills were at least four elements thick ) equivalent to a strain rate of 10 À16 s À1 acting for 0.25 Ma. This boundary condition is identical to that used for the block model.
[21] The results for the model containing four 100 m thick sills (Figure 4b ) clearly shows that the observed sills do not provide enough strengthening to generate any appreciable uplift in 0.25 Ma using an elastic model and a strain rate of internal deformation of 10 À16 s
À1
. Deflections are only slightly more pronounced after 1 Ma (Figure 4c ).
Minisills Hypothesis
[22] Statistical studies of granitic and doleritic intrusions have demonstrated scale-invariant or fractal size distributions for these types of igneous structures [McCaffrey and Petford, 1997; Curtis et al., 2005] . On the basis of these results, features such as sill complexes would be expected to contain sills with a broad range of lengths and thicknesses. For the Winagami complex, variable sill lengths are evident on the seismic sections (Figure 1c) , whereas sill thicknesses are more difficult to gauge directly.
[23] From one-dimensional (1-D) forward modeling of reflection response as a function of sill thickness for the Winagami sequence, Welford and Clowes [2006] determined that while the topmost reflective sheet is approximately 100 m thick, igneous sheets with thicknesses of at least 30 m are seismically detectable. Meanwhile, reflections from 10 m thick sills are comparable in amplitude to the background noise. Consequently, if the Winagami complex consisted of a fractal distribution of sills, the resulting seismic sections underestimate the true volume of sills present. Ross and Eaton [2002] argues for the existence of such thinner seismically unresolvable sills, or minisills, based on the general spatial correspondence between the northern extent of the Winagami sequence and a localized increase in crustal RMS velocities from 6.45 to 6.7 km s À1 as determined from a seismic refraction experiment [Zelt and Ellis, 1989] . On the basis of these higher velocities, estimates that up to 50% of the crust at the northern limit of the Winagami sequence could be intruded with dolerite sills are presented [Ross and Eaton, 2002] . If the intrusion of the thicker sills imaged by LITHOPROBE was also accompanied by parallel intrusion of much thinner seismically undetectable minisills on the order of 10 m in thickness, the bulk strength of the intruded rock could have increased.
[24] In order to test the feasibility of the minisills hypothesis while respecting TECTON's model size limits, we opted for an effective medium approach to modeling the minisills. A 3.4 km wide by 3.4 km deep test model divided into 25 m wide by 5 m deep elements was constructed. Two 100 m thick sills were placed at the top and base of the model each extending 200 m horizontally from the right edge. This setup mimics one set of sills in the larger model except for the absence of the weaker material on top. The 10 m thick minisills were two elements deep and were inserted into the model at a regular spacing between the thicker sills. Finite element calculations were performed for models containing 40, 80 and 160 equally spaced 10 m thick minisills, and the results were compared against simpler models in which the material between the 100 m thick sills was assigned intermediate properties between granite and dolerite. The boundary conditions used for the effective medium modeling were scaled equivalents of those used in the larger model (Figure 2) .
[25] From these effective medium tests, we found that the best correspondence between the results for the modeled minisills and the equivalent medium material occurred when the density, Young's modulus and Poisson's ratio values used in the equivalent medium were volumetrically weighted averages of the values for granite and dolerite. We use these intermediate values in the model in Figures 4d and 4e as a proxy for the presence of minisills.
[26] Results for the large models from section 4.2 using the intermediate material between the four 100 m thick sills are shown in Figures 4d and 4e . By increasing the number of 10 m thick minisills between the 100 m thick sills, greater net surface deflections are observed. With 160 minisills taking up 50% of the intersill space, the computed deflections near those computed for a solid dolerite block.
Viscoelastic Modeling
[27] To this point, we have focused on elastic deformation. This has been for two reasons. First, we wanted to compare our results with those from Heller et al. [1993] . Second, we were limited by computer memory and computation speed. Detailed models (such as those containing the 100 m thick sills) could not be run for multiple time steps.
[28] We note that the elastic model results presented to this point may be interpreted as viscous (or viscoelastic) models with contrasts in viscosity, rather than Young's modulus. This interpretation is admissible because our results are insensitive to Poisson's ratio (which should be high for viscous deformation). The results are directly comparable if we substitute strain rate for strain, and compute stresses from the effective viscosity and strain rate. However, since effective viscosity contrasts in the Earth are much larger than contrasts in Young's modulus, these proxy viscous models are too conservative in terms of viscosity contrasts to represent conditions in the mid to lower crust.
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WELFORD AT AL.: ROLE OF INTRUSIONS IN ARCH FORMATION
[29] Initially during arch formation, the Earth's upper crust should have behaved elastically, with deformation localizing at the site of the future arch as we have shown. According to Zhang et al. [1996] , subsequent permanent deformation should occur at the site of such a perturbation (if its wavelength is short enough relative to a parameter governed by the folding layer thickness and the contrast between its viscosity and that of the surrounding material). Hence the elastic models presented in Figure 4 may help us understand how the Peace River Arch started to form where it did, but they are not helpful for modeling the growth of this arch.
[30] Most modelers, who address buckling of the upper crust assume viscous or plastic rheologies [Biot, 1957; Zhang et al., 1996] . Such rheologies, as well as nonlinear viscous rheologies, yield folds with similar wavelengths and heights, but with some differences (e.g., different hinge sharpnesses or levels of irregularity [Zhang et al., 1996] ). Since we are just addressing gross features of the Peace River arch, viscoelastic modeling is appropriate for modeling its growth.
[31] Figure 5 illustrates effective viscosity as a function of temperature for the rock types we consider, under both wet and dry conditions. The curves are generated assuming deformation via dislocation creep with a strain rate of 10 À16 s À1 [Caristan, 1982; Hansen and Carter, 1983; Mackwell et al., 1998 ]. The curves demonstrate that effective viscosity decreases with increasing temperature, particularly in the presence of water, and that effective viscosities of granite are lower than those for dolerite. At higher strain rates, the effective viscosities for all rock types will be lower. Furthermore, at low differential stresses the granite may deform largely via diffusion creep, resulting in still lower effective viscosities. Hence the effective viscosities in Figure 5 that we use for our modeling are upper limits.
Viscous Minisills
[32] For long-term deformation, the rheological parameter governing deformation in our models will be the effective viscosity. On the basis of Figure 5 , we see that in the lower crust, the ratio of effective viscosities for sills relative to country rock is about 1000. Thus, even with only a small number of sills within the lower crust, the weighted mean of the viscosities will yield a strong contrast with the country rock. For example, within the lowermost 5 km of the plate, the weighted mean intermediate effective viscosity used to represent four 100 m thick sills composed of wet dolerite within wet granite host rock is 2.3E + 23 Pa, which is 50 times greater than the effective viscosity of wet granite alone (5.1E + 21 Pa). With the addition of an increasing number of 10 m thick seismically undetectable minisills, the contrast becomes greater.
[33] To model the influence of viscoelastic materials on surface deflections, we used coarse models similar to that shown in Figure 4a . The country rock was assigned the effective viscosity of wet granite and the stronger block was assigned the weighted mean effective viscosity for different volumes of wet doleritic sill material within wet granite host rock. The effective viscosities used for the wet granite and to compute the weighted means were depth-dependent and corresponded to the dashed lines in Figure 5 . The high effective viscosity values in the top 10 km of the crust should be interpreted as representing a deformation process other than dislocation creep.
[34] To incorporate the time dependence of the viscoelastic solution, our horizontal displacement boundary condition was replaced by a horizontal velocity boundary condition. A horizontal velocity of 6 Â 10 À11 m s À1 was imposed on the left boundary of the model to generate a strain across the modeled region (7.88 Â 10 À4 ) equivalent to a strain rate of 10 À16 s À1 acting for 0.25 Ma.
[35] The results of incorporating viscoelastic materials in our modeling are shown in Figure 6 . With only four 100 m sills, the viscoelastic model is able to generate approximately 8 m of uplift within 0.25 Ma (Figure 6a ). As more and more minisills contribute to the weighted mean effective viscosity of the intermediate block, surface deflections are enhanced. These results greatly exceed the surface deflections that can be achieved with elastic modeling.
[36] In order to generate the maximum height of the Peace River Arch (1 km), our horizontal velocity boundary condition must be sustained for tens of millions of years. However, during that time, the use of the viscosities from Figure 5 can lead to stress buildup in the crust that exceeds the failure strength of intact rock (100 MPa). Although confining Figure 5 . Plot of effective viscosities versus temperature (thick lines) for both wet and dry granite and dolerite assuming deformation via dislocation creep with a strain rate of 10 À16 s À1 [Caristan, 1982; Hansen and Carter, 1983; Mackwell et al., 1998 ]. The temperature range corresponding to the model depths used in this study is shaded in gray, and the approximate model depths are labeled on the right side of the plot. A geothermal gradient of 20°km À1 is assumed. Dashed lines denote the effective viscosity values used for both wet and dry granite and dolerite for the modeling presented in Figure 6 . pressure at depth will increase the failure threshold of the crustal rocks, this alone is not enough to overcome the problem of high differential (and hence shear) stresses.
[37] Excessive stress buildup in the crust can be averted in two ways. First, we can assume lower viscosities than those shown on Figure 5 at all depths, by assuming different flow laws or higher temperatures (e.g., due to a higher geothermal gradient or an insulating low-strength sedimentary layer) or by assuming a vertically averaged effective viscosity as done by England and McKenzie [1982] . Alternately, we can assume a lower effective viscosity in the top 10 km of the crust, where the flow is more likely to be governed by a pressure solution creep law than by a dislocation creep law. Models in which we assigned an effective viscosity of 10 23 Pa to the top ten km of the crust yielded arch growth similar to that shown in Figure 6 , with maximum shear stresses well below 100 MPa. This same effective viscosity was used by Liu et al. [2002] to avoid generating thrust faults in the long-term deformation of a viscoelastic model of the central Andes.
[38] We conclude that viscoelastic relaxation enhances surface deflections such that the amount of uplift estimated for Paleozoic arches can be generated within tens of million of years at low strain rates, particularly in the presence of water, and that the arch heights can be attained with differential stresses in the upper crust that are below the compressive failure strength of the rock.
Depth of Sills
[39] In all of the modeling results presented to this point, the Winagami sills have been restricted to the bottom 10 km of the modeled plate. This placement of the sills has been intended to correspond to the present distribution of the sills beneath the Western Canada Basin as determined from the LITHOPROBE seismic reflection profiles. However, since the sills were intruded between 1890 and 1750 Ma [Ross and Eaton, 1997] , prior to the deposition of the Western Canada Sedimentary Basin, it is likely that they were located at a shallower depth during arch formation. Compensating for the thickness of the sedimentary cover, Ross and Eaton [2002] suggest that sill emplacement occurred between 6.5 and 16.5 km depth. Shallower sills, that have since been eroded, may also have been present, in addition to any number of thin seismically undetectable sills.
[40] While the ratio of effective viscosities for sills relative to country rock remains roughly the same through- , both granite and dolerite will be more viscous at shallow depths. To model the impact of these higher viscosities on surface deflections, we developed a simple viscoelastic model consisting of a block of wet dolerite emplaced within a plate of wet granite. The model was varied by placing the wet dolerite block at different depths, between 10 and 20 km, between 5 and 15 km and between 0 and 10 km. A further model was constructed using a thinned wet dolerite block confined to the top 5 km of the plate. The effective viscosities used for the wet granite and the wet dolerite were again depthdependent and corresponded to the dashed lines in Figure 5 .
[41] As with the viscoelastic modeling in section 5.1, we imposed a horizontal velocity boundary condition of 6 Â 10 À11 m s À1 on the left boundary of the model to generate a strain across the modeled region (7.88 Â 10 À4 ) equivalent to a strain rate of 10 À16 s À1 acting for 0.25 Ma.
[42] Varying the depth of the wet dolerite block results in a range of different surface deflections. As the wet dolerite block is moved from the base of the plate (Figure 7a ) to the middle of the plate (Figure 7b ), the surface deflection is noticeably dampened due to the higher viscosities at the shallower depths. When the block is brought completely to the surface (Figure 7c ), the surface deflection is further dampened and reversed in orientation. With the shallowest thinned block (Figure 7d ), the reversed surface deflection is again produced although the surface deflection is slightly less dampened relative to Figure 7c .
[43] From these results, we conclude that the depth of the sills can impact both the amplitude of the surface deflections and their orientation. For a given rate of deformation, deeper sills can generate surface deflections more quickly than shallower sills. Meanwhile, shallow sills will generate surface deflections that have a reversed orientation relative to those produced by deeper sills.
Discussion
[44] The strength or rheology of the continental crust depends on a number of factors including the geothermal gradient, the presence of water, the stress rate and the composition. All other factors being equal, lateral variations in rheology within the crust can lead to a contrast in the effective flexural rigidity of the upper crust. This contrast can impact topography even in the presence of weak horizontal intraplate compressional forces. Here, we have shown that it is possible for the juxtaposition of weak granite and strong doleritic igneous sills in the middle to upper crust to generate the width, height, asymmetry and adjacent basin observed for the Peace River cratonic arch within reasonable geological time spans.
Strain Rate of Internal Deformation
[45] The development of cratonic arches in western Canada occurred on a passive margin. Nonetheless, the presence of northeast trending ancestral transfer faults that divided the margin into three distinct blocks with differing tectonic histories, suggests that the margin was active [Cecile et al., 1997] . Three episodes of contractional defor- [Cook et al., 2004; Thorkelson et al., 2005] further challenge the notion that western Laurentia consisted of a quiescent passive margin. Despite having no evidence other than broad temporal overlap with which to link these transfer faults and compressive orogens to the formation of cratonic arches, we nonetheless argue that a higher strain rate of internal deformation for the region than that considered in this manuscript is not unreasonable given the potential influence of these stresses on arch formation. In such a scenario, the discrete 100 m thick sills could generate the uplifts inferred for the Peace River Arch in less time and the presence of any number of seismically unresolvable thinner sills could cause arch uplift to occur more quickly. Deformation at a higher strain rate would not result in unreasonable differential stresses because effective viscosities would be much lower than those shown on Figure 5 .
Orientation of the Peace River Arch
[46] From the ENE-WSW orientation of the axis of the Peace River Arch and its position to the north of the Winagami sill complex (Figure 1b) , the surface deflection results for the sills at their present-day depth, if overlain as a cross section on the map, would be oriented from left to right in a NNW-SSE orientation with maximum compression coming from either of those directions. This would place the deep basin to the south of the Peace River Arch, directly over the Winagami complex (Figure 1b) . Whereas no southern basin has been identified from the stratigraphic record, a deep basin containing several hundred meters of sediments has been identified immediately to the north of the arch. Thus our surface deflection results would appear to be reversed relative to the known orientation of the Peace River Arch and its adjacent sedimentary basin, provided these two features were formed simultaneously. As shown in Figure 7 , this discrepancy can be remedied by assuming that the sills were located near the surface, an assumption which is consistent with the inferred depth of the sills at the time of arch formation. The consequence of this shallowing of the sills is that the duration of deformation would need to be longer and/or that the rate of deformation would have to be higher in order to achieve the same amount of uplift as for the deeper sills. Both of these requirements are geologically plausible and would still generate the maximum uplift heights for the Peace River Arch within several tens of millions of years. Thus, with the sills within the upper crust, both the formation of the Peace River Arch and the adjacent sedimentary basin to the north can be explained with our viscoelastic modeling results.
Differential Arch Height
[47] Extending the results of our 2-D modeling to a third dimension, we can begin to contemplate the areal characteristics of the Peace River Arch. As illustrated in Figure 1b , the arch achieves a maximum height at its westernmost extent and dips east-northeastward for 750 km. From our results, two possible explanations for this geometry can be envisaged. First, the along-strike variation in arch height may reflect an along-strike variation in the distribution of sills within the crust. With many more sills in the crust in the west, a south-southeastward trending compressional force could generate differential arch height. Such an increase in the number of sills is not immediately obvious on the LITHOPROBE data (Figure 1c ) but the acquisition of more deep seismic reflection data westward of the LITHOPROBE surveys could further test this hypothesis. Alternatively, the variation in arch height may simply reflect that the direction of maximum compression was horizontal but was not normal to the edge of the sills. Supposing the compression was oriented east-southeastward, a differential compression would be experienced by the sill complex which could generate the gradient in the arch heights. This hypothesis is more difficult to test as the source of compression has yet to be identified, let alone its orientation.
[48] One further consideration that must be taken into account in this study is our limited knowledge of the Winagami sill complex. At present, the inferred areal extent of the sill complex is based on a series of 2-D multichannel seismic reflection profiles acquired by LITHOPROBE. Whereas some of these profiles capture the edge of the sills (Figure 1c ), certain areas like the northern limit of the inferred extent are not constrained. It is possible that these sills extend farther north through and beyond the Peace River Arch. Should that be the case, the hypothesized connection between midcrustal sills and cratonic arches would be disproved. The acquisition of more seismic reflection data to the north of the LITHOPROBE data would be beneficial in confirming the areal extent of the sill complex and to supporting our hypothesis.
Conclusions
[49] Several causes have been proposed to explain the localized uplift of cratonic arches on otherwise tectonically quiescent margins. In this manuscript, we have tested the hypothesis that rheological variations due to seismically imaged midcrustal igneous intrusions in the crust can lead to uplift in the presence of weak intraplate stresses. This was achieved using finite element modeling of both 2-D elastic and 2-D viscoelastic deformation of plates containing dolerite blocks and sheets. Our results demonstrate the following:
[50] 1. For the elastic models, the seismically imaged sills are unable to generate appreciable uplift; however, the presence of increasing numbers of seismically undetectable minisills would enhance uplift.
[51] 2. Viscoelastic relaxation greatly enhances arch formation, particularly in the presence of water, such that the seismically imaged sills alone can generate the maximum height of the Peace River Arch within tens of millions of years at low deformation rates.
[52] 3. The depth of the sills has a direct impact on how fast arches can be formed and also on their orientation relative to adjacent coeval basins.
[53] 4. Variations in the regional configuration of the Peace River Arch may reflect areal variations in the concentration of dolerite sills within the crust and/or the direction of maximum compression during arch formation.
[54] From our simple modeling, we are able to generate the width, height, asymmetry and adjacent basin of the Peace River Arch of northwestern Alberta, a feature whose well documented configuration has not easily been explained or reproduced by other proposed causes of cratonic arch formation.
